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Annomayua — MeToabl TEH30PHOIH JeKOMIO3MIMHM BCe Ya-
1e NMPUMEHAIOTCS B HU(POBoii 00padoTke CHTHAJIOB JIs
yJAy4llleHHus] XapaKTepUCTUK CTAHJAPTHBIX aJropuTMon. B
JaHHOIi pafoTe paccMaTpuBaeTcsl NPHMEHEHHe OIHOr0 W3
HanOosiee 3(pGeKTUBHBIX METOJ0B TEH30PHOH [eKOMIIO3H-
nuu. Iloka3zana BO3MOKHOCTbL M NMEPCIIEKTHBLI €ro NpHMeHe-
HHS B Ka4YecTBe MeToJa C:kaTHs u3o0paskeHuii. Taxke npen-
JIO)KEH MOAX0J ¢ NPUMEHEHHEM CJI0Baps, COCTOSALIEro U3
3apaHee BBIYHCJIEHHBIX 3JIEMEHTOB, MO3BOJIAIOIIUI IOBBI-
cUTh 3(PPeKTUBHOCTH CKATUS U300PaKEHH .

Kniouesvie cnosa — tensop, cixaTue ¢ NOTePSIMHU, AINPOKCH-
MalUH LEeNoYKoii TeH30POB, CHTHAJILHO-3aBHCHMBbIe (DUIBT-
Pbl, pa3pesKeHHOe NpeACcTABJIEHHE.

|. BBEJEHHE

TeH30pHBIM aHAIU3 U TEOPUS TEH30PHBIX AIIPOKCU-
Manuil UrparoT Bce Oonee Ba)XHYIO pOJb B 00JACTH BHI-
YHCIIUTENFHON MaTeMaTHKU M YMCICHHOTro aHaiu3a. J¢-
(exTHBHOE TpescTaBIeHHe d-MEpHOTO TEH30pa (MacCHBa C
d mHIexcamu) HEOOJBIIMM YHUCIOM MapaMETPOB MOXKET
JlaTh BO3MOXKHOCTH PaboTaTh C JAaHHBIMH pa3MEpHOCTH d,
paBHoi#i 10, 100 nim naxe 1000 (Takue npoOiaeMbl BO3HH-
KaloT B KBAaHTOBOH MOJIEKYISIpHOH IHUHAMHKE, (pruHaHCO-
BOM MOJICIUPOBAHMHU, TIPH PEIIEHHH CTOXACTHYECKUX
YpaBHEHHH B YaCTHBIX IPON3BOIHBIX).

[peanaraercs anbTEpPHATUBHBIM METOJ| CXKATHUsSI H30-
OpakeHUII Ha OCHOBE TEH30PHOM ammpokcuMmanuu. B yc-
JIOBUSIX AKCIIOHEHIHAIBHOTO pPOCTa OOBEMOB IIE€peaauy,
xpaHeHuss U 00paboTku BusyaspHOU uH(popMmarwu [1]
NPUMEHEHUE JaHHOM IT0/IX0/Ia SIBJISIETCS OIPABIAHHBIM.

[MpumeHEHHBIE METOABI TEH30PHOM AIMPOKCHUMAIMU
MOKa3aJIl XOPOIIINE Pe3yNbTaThl MPH paboTe ¢ n300paxke-
HHUSIMU B OTTEHKaX CEpoOro, KpOMe TOro CYyIHIECTBYET 0OJIb-
HIOW MOTEHLHXAN I JaJbHEUIIEr0 yCOBEPIIEHCTBOBAHUS
METO/IOB.

Il.  TEH30PHAS AIIIIPOKCUMALIMS

Wnes anmpokcuMaliuu TEH30pOB 3aKIOYaeTcs B Ha-
XOXKICHUH 3aKOHOMEPHOCTEH Cpeail JIIEMEHTOB TeH30pa U
MPUOIMKEHUN UCXOJHOTO TEH30pa JCKOMITO3UIEH TeH-
30pOB MeHbllIeH pa3MepHOCTH. OmnMcaHue METOJIOB arl-
MPOKCUMAITUM M COBPEMEHHBIX aJTOPUTMOB MX pean3a-
MU J1aHo B [2].

WsBecTHBRIMH METOAaMU alllIPOKCUMAIINN ABJIAIOTCA:

1) Kanonnueckas anmpokcumarus (Hamboliee ymauHbIH
QITOPUTM  TOJy4EHUs TaKkOW  JEKOMIIO3UIMK  3TO
CANDECOMP/PARAFAC [3]).

2) Jexommosumus Takepa (peamsarmn N-mode PCA u
N-mode SVD [4]).

3) Amnmpokcumaims nemnovkoi TeHsopos (Tensor-Train
Decomposition [5], TT).

Kanonndeckas ammpoxcuMars Hambolee (PQeKTrB-
Ha ¥ TI03BOJISET IPEJICTaBUTh TEH30p T JIt00OH pa3MepHO-
¢ty B BuAe Habopa aByMepHbIX TeH30poB (Ug,Uy,...,Uy), ¢
HOMOIIIBIO KOTOPBIX MOYKHO BBIYHCIHTH 3JIEMEHTBHI | Kak
CyMMY:

T(iy,iyenniy) =iu1(i1,a)-u2(i2,a)-...- U, (i, o),

rae T(ig,lp,ls, ...,15) — HCXOHBIN TEH30p pazmepa Ny X Ny X
N3 X... X Ng, Uy — IByMepHBINA TEH30p pasmepa N xr, r —
KaHOHMYECKHUI paHr.

Takum 06pa3oM, BO3MOXKHA aNMPOKCHMAIIUS TEH30pa
T (mpm Ny=n,= ... =Ng=N) YUCIIOM 3JICMEHTOB, OI[CHUBAC-
MbiM kak O(dnr). TIpeumyiiecTBOM MeToa SBISETCS TO,
YTO €CJIM PaHr I HEBEINIHK, TO TEH30P MOYKHO NPEACTABHTh
0YeHb KOMIAKTHO. OJIHAKO alNTOPHTMBI MONyYIEHHST KaHO-
HUYECKOH JEKOMIIO3UIMH HE SBISIOTCS CTAaOMIBHBIMH, U
JIaXKe eCIIM U3BECTHO, YTO CYIIECTBYET JAECKOMITO3UIIUS Ma-
JIOTO PAHra lyjp, TO HET TAPaHTHH, YTO ANTOPUTMY YAACTCS
HOJTYYUTh AMMPOKCHMAIINIO C TAKAM PAHTOM.

Jrtoro HEAOCTATKaA JIMIICH METOJ alllpOKCUMAIlUU 1IC-
noukoil Teusopo TT (Tensor-Train Decomposition). TTo
YHCITY DJICMCHTOB B alllipOKCUMAllU METOQ HpI/I6J'II/I)KaeT-
Cs1 K KAHOHUYECKOH allpOKCUMALIUU, IIPU 3TOM CYLIECTBY-
€T CTaOWIbHBII AJITOPUTM JIS1 TOJTYUCHUS TaKoOM arrIpokK-
CHMaIHH.

Wnes mMeTona 3akirouaeTcst B MPEJICTABICHUN TEH30pa
00BIION pa3MEPHOCTH LIETIOYKOI TEH30POB Pa3MEPHOCTH
3:

T(iyly,dg) = zGl(aO’il’al)""'Gd(ad—llid’ad)l M

gyl

rae Gy — TeH30p pasmepa fg X Ng X Iy a,=0,=1.Ipu
3TOM aHHpOKCI/IMaHI/IH BBITIOJIHICTCA C TOUHOCTBIO &€ ©
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rae T — UCXOMHBIA TEH30p, |’ — TEH30p, KOTOPHIM OBLI
anmpokcumupoBan 1. Tenszopsl Gy BBIYHCISAIOTCS C T0-
morueio anropurma SVD (Singular Value Decomposition),
YTO TapaHTUPYET MOJYYCHUE NCKOMITO3HMIUH JJIs JTFOOBIX
JIAHHBIX.

Cymmy (1) MOXKHO TIpeJCTaBUTh MaTPHUYHBIM ITPOU3BE-
ICHUEM, T.K. K&KIOMY 3HAUYCHUIO iy B TPEXMEPHOM MacCH-
Be Gy cooTBeTCTBYIOT MaTpuibl Hy:

T(i1' izy---y id) = Hl(il) : Hz(iz)'--- ’ Hd (id ), (2)

rae Hy — maTtpuma pasmepom Iy x I Ilpu aTom HE0OXO-
JIMMO, 4TOOBI Iy = Fy = 1 (pe3yapTaToM MaTpu4HOTO Mpo-
U3BEICHHS JOJDKEH OBITh SAMHCTBEHHBIA JyeMeHT). T.Kk.
paHru ry OOBIYHO HEBEJHMKH, TO TI0 YUCIY DJIEMEHTOB al-
NPOKCHMAIHs MPUOIIKaeTcsi K KAHOHWYECKOH M ee pas-
Mep ouenmBaercss kak O((d—2)n-r’+2:n-r). Amropurm
METO/Ia U YHCIICHHbIC PE3YIIbTATHI H3JIOXKEHHI B [5].

I1l. TIPUMEHEHUE BEMBJIETHOM LIETIOYKU ®UJIETPOB
(WAVELET TENSOR-TRAIN)

Cxatune ¢ TOMOIIBIO AIMIPOKCUMAIIHU OCYIIECTBISICTCS
3a CYeT BBIUTPHINIA MO0 YHCITYy 3JeMeHTOB. Ho cHipkeHue
quciIa JIEMEHTOB HE BCerjga NPHUBOAUT K CXKATHIO, T.K.
MOJKHO TTOJYYHTh MEHBIIE 3JIEMEHTOB, HO OHHU TPU TOM
OynyT UMeTh OoJiee CIIOXKHYIO CTPYKTYPY, YeM HUCXOJHBIE,
BCJICZICTBHE Yero OyayT 3aKOIUpPOBaHBI MeHee () (EKTHB-
Ho. Takas cuTyanuss MOXET MPOU30MTH B MeTone 11:
MOJKHO TIOJIyYUTH MCHBIIIEE YUCIO JICMEHTOB B allIpOK-
CHUMalluy, HO OHU OyayT GoJiee CIOXKHBIMU (APOOHBIE YUC-
Jla co 3HAKOM, KOJTUpyeMbIe 8-10 OaiiTaMu), 9eM HCXOIHBIC
(uenbie 6e3 3HaKa, koaupyroTes 1 Gaitrom). [TosTomy BO3-
MOJKHO, UTO B PE3yJIbTaTe CKatre OyaeT HeBEIHKO.

IMpumenenue BeiiBneTHOH nemouku ¢unstpoB (Wave-
let Tensor-Train, WTT [6]) sBisieTcs monudukarmeit me-
tona TT, mo3Bosstomieit MpeACcTaBUTh UCXOAHBIN CUTHAI B
Gosiee paspeskeHHOM BHE. Myest 3akiodaeTcst B MCHOJb-
30BaHMHM TEH30pOB Hy B KauecTBe GUIBTPOB AJISI HCXOAHO-
ro curHana (t.e. Hy ucmons3yercs xak marpuma 6e3 mpe-
o0pa3oBaHus B 3-X MepHbIi TeH30p). T.K. QUIBTPHI MOJTY-
YeHBI Ha OCHOBE CHTHaNa (CUTHAJIbHO-3aBUCUMBIE), TO OHU
MO3BOJISIIOT 3()(EKTUBHO MPEICTABUTH UCXOAHBIA CUTHAI B
pa3pekeHHOM BHJE (T.e. C OOJBIIMM KOJIMYECTBOM HYyJIe-
BBIX dyieMeHTOB, [7]). Takoit MaccuB KO3(Q(HIHMEHTOB
MMEEeT MaJIylo SHTPOIHIO U XOPOIIO cxXuMaercs. B pe3yis-
Tare QUIBTPHI SBJISIOTCS CUIHAIBHO-3aBUCUMBIMH, MO3TO-
My HEOOXOIMMO XPaHHTh MX BMECTE CO CXKATBIM M300pa-
JKCHUEM.

Uto0bl GUIBTPEI He OBUTH OYEHH OONBIINMHU, HEO0OXO-
JUMO OTPaHWYMUTH UX PAHT, HHA4Y€ OHU OyIyT B TOUYHOCTH
NPE/CTABIATh CHUTHAI M HMX OyIeT HeyloOHO XpaHUTh.
Beenem mapamerp Inma, 3aJar0UIUMil MakCUMaJbHBIA paHr
(UIbTPOB. ANTOPUTM TONy4YeHHsT (IIBTPOB NPHUBEICH B

[6].

[Ipumenenrne GUIBTPOB K M300PKEHUIO CBOJIUTCS K
MOCJIEI0BATEIFHOMY TIEPEMHOKCHHIO (DMITBTPa U MATPHUIIBI
M300paKeHUSI.

CHrHaJ MOXHO BOCCTaHOBHTD, T.K. (PUIIBTPBI SBIAIOTCS
opToroHanbHeIMH (cBOiicTBO amroputma SVD) T.e. BbI-
TIOJTHSIETCS COOTHOLICHHE

H-Hl =H! -H, =E,,

rne Hy — oproronansHas matpuna (uisTpa (pa3mepa ry X

Mo, H: — TpaHcroHupoBaHHas marpuna Hy, E — enu-

Tk
HUYHasg MaTpulia pasmepa Iy X I'g.

A. Cpasnenue sgppexmusnocmu TT u WTT

Juns cpaBrenus addextnBHOCTH MeTtogoB WTT u TT
oreHuM urcio 6ut Ha tmkcens (bit per pixel, bpp), Beipa-
JKEHHOE Yepe3 SHTPOITHIO pe3ybTara:

_entropy(result) - sizeof (result)
n-m ’

bpp

rae result — maccuB, comepxkariuii BBIXOJAHON Pe3yNbTaT
pabotsr TT/WTT, entropy — OyHKIWHS, BBIYHUCISIOIIAS
SHTPOIIHIO 3JIEMEHTOB MaccuBa, Size_of — onpenenser xo-
JIMYECTBO JJIEMEHTOB B MacCUBe, N, M — pa3Mepbl MaTPHIII
u3o0pakenus. Pesynsratom padorst WTT sBisiercst pas-
peXeHHBII MacCHB KOX(Q(QHUIMEHTOB U (QUIBTPEL. Makcu-
MaJlbHbIA paHr QUIBTPOB (max) B TecTe paBeH 3. Uwmcio
OWT Ha MHUKCeNb OyAeM CPaBHHUBATH HA COOTBETCTBYIOLIHX
3HAUEHMSAX KayecTBa BOCCTAHOBIICHHBIX H300pa)KEeHHH,
MOJyYeHHBIX ¢ TIoMoIibio nokaszarens PSNR (Peak signal-
to-noise ratio, MMKOBOE OTHOIIEHHE CUTHAJIA K IIYMY).

Pesynbrar cpaBHeHMsI peacTaBieH Ha puc. 1. B xaue-
CTBE BXOJHBIX JaHHBIX MCIOJIb30BANIOCh CTAHAAPTHOE TEC-
TOoBOE M300pakeHHMe «Lena» B orrenkax ceporo. Jlns
OLIEGHKH PHTPOIMHU Pe3yIbTUPYIONINE 3HAUCHNUS OBLIM MPH-
BeEHBI K 16-TH OUTHBIM LIEJIBIM.
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Puc. 1. CpaBHenue ync/ia OUT Ha NUKCeIb, OLLEHEHHOI' 0 €
NMOMOILIbI0 IHTPONUH, A1t MeToioB WTT u TT

U3 rpaduka Bugao, uto WTT mo3Bomut 3¢ dexTrnBHES
C)KaTbh M300paxeHue, 4yeM T 1.

B. Ilpumenenue WTT Ons corcamus uzodpasicenuii

B03MOXHOCTE ~ KCIIOJIE30BaHUSL  PEABBIYUCICHHBIX
¢unpTpoB yxe ObTa paccMoTpeHa B pabore [8], rae ObuI0
YCTAHOBJICHO, YTO YMEHBIICHHE MAaKCHMAILHOTO paHTa
(GUIBTPOB Iay, 10 4 ¥ MEHEE TIO3BOJISIET CAENaTh (PUIBTPHI



YHUBEPCATIBbHBIMH (IIPAKTUYECKH HE3aBHCHMBIMH OT CHT-
Hana). Takoll moaXoJ MO3BOJSIET W30€XkKaTh XpaHEHUS
(UITBTPOB BMECTE CO CHKATHIM U300pa’keHHUEM, HO, BMECTE
Cc TeM, cHIKaeT 3(QQeKTHBHOCTh (GUIBTPOB. PesymbraT
NPUMEHEHUs] TaKOTO IOAXOJa IPEACTaBICH Ha puc. 2.
O¢dexruBHocts cpaBauMa ¢ JPEG (110 xauecTBy U ckopo-
CTH).

IV. Hcnoab30BAHUE WTT C 3APAHEE
BBIUMCJIEHHBIM CJIOBAPEM

Bosmoxen noaxon ¢ npumenenneM WTT He nis Bee-
ro M300pakeHus, a i Ooka § X 8, aHAIOTHYHO TpUMe-
HEHUIO JIUCKPETHOI'O KOCHHYCHOTO MpeoOpa3oBaHUs
(OKII) B JPEG. PesynbrarT HCCIIeMOBaHUS IMOKA3aj, YTO
WTT pabGoraet adpdexruBnee JIKII, Ho npu 3ToM He yna-
CTCsl crienath (GMIBTPHI CUTHAJIBHO HE3aBHCHMBIMH 33 CUET
YMEHBIICHUsI paHra GpUIBTPOB Mnay, Kak B [8]. T.e. s ka-
JKIOT0 OJI0Ka HEOOXOMUM YHHMKAJIBHBIA (HUIIBTP, YTO CBO-
JIUT Ha HET BCE IIpeuMylecTBa oT npumeHenus WTT.
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Puc. 2. CpaBuenue WTT ¢ JPEG2000 u JPEG nuist n306pa-
KeHus «Lena»

ot

B Toxe Bpems Obuta npoaHaIM3UpoBaHa 3()PEKTHBHOCTD
NPUMEHEHUs OJIHOTO (MIIBTPA, BBIYMCICHHOrO JUIsi OJ0Ka
8 x 8, Ha apyrux 6JIOKax, OTIMYHBIX OT MCXOAHOro. B pe-
3yJbTaTe OBUIO BBISBIEHO, 4TO (HILTP MOXET paboTaTh
3 (eKTUBHO HE TONBKO Ha UCXOTHOM OJIOKE, a Ha LEJIOM
kiacce 6y10koB [9]. B tabnuie 1 mpeacraBieHa CTaTHCTH-
Ka MPUMEHEHUS HECKONBKHX (QuibTpoB Ha Habope 8192
6nokoB. Jlnst kBanToBanust JIKII-koa¢dduiieHToB ucnoss-
30Bayiach MaTpuila kBaHTOBaHmsi Q w3 cranmapta JPEG
[10]. CpaBHeHHE TPOU3BOAMIOCH HA OCHOBE SHTPOITHH
KBaHTOBAHHBIX JAaHHBIX NPH (DUKCHPOBAHHOM 3HAYCHUH
PSNR.

W3 tabmunel BuaHO, 9TO, Hanpumep, GuisTp 4006 Mo-
xet paborats dpdexruBnee IKII donee uem Ha 30 % Ha
635 Onokax n3 8192. D10 HAaeT BO3MOKHOCTH BBIYHCIIUTE
Habop (cioBaps) GUIBTPOB, B KOTOPOM KaKIBIH (HUIBTP
OyzleT COOTBETCTBOBATH ONIPEACIEHHOMY Kilaccy OJIOKOB.

Tabiuma 1

Cmamucmuka npumenenuss WI'T-¢punempog ons 610ka
pasmepom 8 %8

Homep Kon-Bo 6110- Kon-Bo 6110- Koin-Bo
¢unpTpa | KOB, Ha KOTO- | KOB, Ha KOTO- | OJOKOB, Ha
PBIX GUIBTP PBIX QUIBTP KOTOPBIX
pabotaer kak | paboTaeT Kak ¢unpTp
MHHUMYM HE MHHUMYM Ha paboTaet
xyxe JKII 30% myqme xyxe JKII
JKII
3823 2967 691 4534
4006 3147 635 4510
3264 3061 604 4527
3947 2694 602 4896
5821 2770 596 4826

Kpowme Toro, cienyer otMeTnTh, uto QuiabTp WTT mo-
Jy49eHHBIH 1 KOHKpETHOTo OJ10Ka Oynet 3¢ dexTHBeH He
TOJIBKO JUISl 9TOTO OJIOKA, HO M ISl OJIOKOB CXOXKHX C HC-
xomHbIM OyokoM. Ha puc. 3 orpaxen stoT dakt. Ha rpa-
(duKe npencraBieHa CTeNeHb CHKaThsl OJIOKa C ITIOMOIIBIO
JKIT u WTT-dunptpa B 3aBHCHMOCTH OT UCKaXCHUH 3TO-
ro Ojoka. BennunHa ciiyyaiiHOro MCKa)Ke€HHS! ONpeJessieT
HauOonplIee CiTydaifHOE YHCIIO, KOTOpOe NPHOABIEHO K
Kax10i komnoHeHTe Oioka 8 x 8. Kpusas ¢ Homepom 1
COOTBETCTBYET SHTPONMHU TI0CIE€ NPUMEHEHHS K OJIOKy
OKII un 3arem Matpurpsl kBaHToBaHUS Q. Crenyromas
kpuBasi(2) coorBercTByeT npumMeneHuto WTT-uibtpa,
BBIYHCIIEHHOTO [UISl HCXOAHOTO OJIOKa, a SHTPOIHS OLCHH-
Baercs npu (ukcupoBanHoMm kauectBe (PSNR), coorser-
ctBytomeM 3HadeHHI0O PSNR mocme mpumenenus JKIL
KpuBast 3 aHamorumyHa KpHuBOil 2 ¢ TeM OTJIMYaeM, 4YTO
WTT-pmapTp BBRMUHCIIICS [UIS KKIOTO HCKaKECHHOTO
610Ka.
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BennuunHa cnyqaﬁHoro WCKaXKEHWA

Puc. 3. CpaBuenne yppextnBHoctn WTT-dpuastpa Ha 6710-
KaX CXOKHX € HCXOXHBIM

[Mpouenypa NOCTPOCHUsI CIOBaps 3aKIIOYAETCsl B I10-
HCKe TaKuX (QUIBTPOB, KOTOpBIe Hamboiee 3ppekTuBHBI U
paboTaroT Ha HauOOJbLIEM KOJIMYECTBE OJIOKOB JJIs 00Y-
yeHust. bonee moapo6HO mporenypa oOydeHust Obuta H3-
noxeHa pabote [9], B KOTOpoW Takke OblIa MpHBEIEHA
OlleHKa 3((HEKTUBHOCTH NPHUMEHEHHs TaKOTrO CIIOBaps B
cpasaennu ¢ JIKII (puc. 4). Ha pucyHke oTpakeHO CpaB-
HEHUE CTENEHH CXKaThsl HECKOJBKHX H300paXKeHWH, OJTHO
13 KOTOPBIA BXOAWJIO B HAOOp M300paskeHUH Ha KOTOPBIX
00ydaJicsi cioBapb, OCTaJIbLHBIC HET.



A. Cnocobwi 6bib0pa s1eMeHmMos u3 cio8apsi

IMpn wucnons3oBannu WTT co cioBapem Haumbosee
CIIO)KHBIM BOIIPOCOM SIBJISIETCSl IIpOLieypa BhIOOpa diie-
MEHTa CJIOBapsl B 3aBUCUMOCTH OT BXOJJHOTO OJIOKa.

I[J'IH 3TOTI'0 MOKHO IIPEIOKUTH HECKOJIBKO croco0oB:

1) TlepeGop dhunsTpoB u3 ciaoBaps. Hanbonee mpoctoii u
oueBHAHBIA crmoco0. OH wmcmons3oBaincs B [9] mwig mo-
cTpoeHus rpaduka puc. 4. [[penMyiiecTBOM MeTOIA SBIS-
ercs ero 0Oe3ommO09HOCTE. OH TOYHO MOJXKET BHIOpATh
HAWITY4IIHi QUIBTP ISl BXOAHOTO GIioKa, aubo ompene-
JIMTh, YTO TAKOro (GMILTPa HET B cioBape. Hemocratkom
METO/Ia SIBISACTCS JUTUTENBHOCTh paboThl. XOTS CKOPOCTh
BOCCTAHOBJICHHSI H300PaKCHHUS TIO-TIPEKHEMY OCTACTCSI
ObIcTpoii (cpaBauma ¢ JPEG).
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Puc. 4. CpaBaenne s3¢ppextuHocT WTT co ciioBaps u
JKII

2) BO03MOXHO TPHMEHECHHE METOAa C HCHOJIB30BAHHEM
xenr-¢pyHKnui. B 3TOoM ciiyqae B cioBape XpaHSTCS HE
TOJIBKO (PHIIBTPBI, HO U XellI-3HaueHUs1 OJIOKOB Ha KOTOPBIX
TOT WM WHOH PriibTp 3PPeKTuBHO paboTaeT. 3HAUCHHEM
Xeu-(DYHKINY SIBJSIETCS YHCII0, OTPaKarolIee KaKyro-1100
«ocobeHHOCTH» Osoka. Ecii GIoKM MMEIOT OJMHAaKOBOE
XEII-3HaueHue, TO ¢ OOJIBIIOH BEPOSATHOCTBIO TU OJIOKH
uneHTHuHbl. Kpome TOrOo, Xem-(QyHKIUs AOJDKHA OBITH
BbIOpaHa TakMM OOpa3oM, YTOOBI Xell-3HAUCHHUs] «OJIU3-
KHX» OJIOKOB OTIMYAINCH HE3HAUUTENbHO. IIpocThiM mpu-
MEpOM TaKOH XelI-(pyHKIIUK MOXKET SBJISAETCS (PYHKIUSL:

8 8

h(B) :Zzbij1 (3)

i=1 j=1

raie B — marpuna BxopHoro 610ka 8 X 8, b; — >jIeMeHT
Matpulipl B. T.k. Xem SBasS€TCS YUCIOM, TO MOYKHO B CJIO-
Bape XpaHUTh OTCOPTHPOBAHHBIH MAacCHB TaKWUX YHCEI,
YTO TMO3BOJIUT CBECTH CIIOXHOCTh OIIEpalMy IIOHCKa
¢unbTpa K OuHapHomy noucky O(logN). EcrecTBeHHO, 4TO
¢ysakuus (3) Oyner coBmagaThk Al MHOTHX OJIOKOB (KOJI-
JM3Us Xe-(PYHKIUH), TO9TOMY MOXKHO HCIHOJIB30BaTh HE
o/Hy (QDYHKIHIO, @ HECKOJIbKO. [ JIABHBIM MPEHMYIIECTBOM
TaKOTo MOAX0/a SBISIETCS CKOpocTh padotsl. K HenocTat-
Ky METoJia MOYXHO OTHECTH BO3MOXKHOCTh OIIUOKH H3-32
KOJUIM3MH XeHI-()YHKIMH M, KaK MoKa3aja MPaKTHKa, TpH

YBEJIMYEHUHU pa3Mepa CI0Baps CHIIBHO BO3pacTaeT W Bepo-
SITHOCTB OIIMOKK BbIOOpa ¢uibTpa. Tak e B OTIM4Me OT
TEPBOTO METOJIa HET BO3MOKHOCTH BBIOpaTh (PHIIBTP, IS
0J10Ka, KOTOpPBIH HE BXOAWI B HabOp Juisi oOydeHHs U He
SIBISIETCST «CXOKHM» C KaKUM-JIH00 OJI0KOM M3 Habopa Juis
o0yJeHusI.

3) C nomomipo 00yUeHus HEHPOHHOM ceTH. besycmoBHO
MEXIy OJoKaMH, Uit KOTOPBIX 3((deKTHBeH KakoH-1100
¢umetp WTT cymecTByeT 3aKOHOMEpHOCTh. Bo3MOXKHO
Ipu 00yYeHHH HEHpPOHHAsl CETh CMOXKET BBISIBUTH JTY 3a-
KOHOMEPHOCTh U OOBEIMHHUTE B cebe IPEHMYyIIecTBa Iep-
BOT'O ¥ BTOPOT'O METOJIOB.

V. 3AKJIIOYEHUE

IMpumenerne WTT mo3Bomsier 10CTHYD 3PPEKTUBHO-
CTH CXaTHig W300paXKeHHH CPaBHHUMOW C alrOPUTMOM
JPEG. Kpome Toro, cymiecTByeT BO3MOXXHOCTH IPHMEHE-
HUSL 3apaHee 0Oy4YEeHHOTO CJIOBaps, YTO IO3BOJISIET YBEIIH-
9uTh 3((PEKTHBHOCTH CXKATUS OJOKOB H300pa)keHUS B
cpasaenuu c¢ JIKII.

ITpencTaBiaeHHBIH MOIXOJ MOXKHO HCIONB30BaTh Kak
nononHenue win anbtepHatuBy JIKII, 4ToOBI MOBBICHTH
3¢ PEKTUBHOCTH COBPEMEHHBIX aJITOPUTMOB CXATHS H30-
OpaxxeHuii u Buzneo. B ciyuyae nomonnenwus, AKII npume-
HAeTCA K OJNOKY, Korma 3QQeKTUBHBIN QWIBTP I OJ0Ka
OTCYTCTBYET B CIOBape.

Jns merona cxarus ¢ npumenerne WTT u cioBaps
HO-TIPEKHEMY OCTAIOTCSI OTKPHITBIMH BOIIPOCHI:

1) Bsibop onTHMambHOrO pa3Mepa OOKa Ui METOJa
WTT co cnoBapem. B paboTe ucnonap3oBaiauck OJI0KU
8 x 8 mns ymooctBa cpasuenus ¢ JKII. Ho, Bo3MOXHO,
s¢¢pexTrBHEE OYyAET HCHOJb30BaHHE OJOKOB MEHBIIETO
pa3mepa.

2) Tlouck wHaubomee 3hQPEKTUBHOTO MeTOJa BbIOOPa
(GUIBTPOB W3 CIIOBAPS VTSI CKATHSL BXOJHOTO OIIOKa.

3) Cxarue s [IBETHBIX U300paKeHUIA.
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ABSTRACT

Nowadays tensor decomposition methods are frequent-
ly used in digital signal processing to improve characteris-
tics of standard algorithms. In this paper, we consider the
use of one of the most effective methods of tensor decom-
position. We show that there is possibility to use this
method of tensor decomposition for image compression. In
addition, we introduce an approach, which uses a diction-
ary with pre-calculated elements that increases the effi-
ciency of image compression.

Tensor analysis and the theory of tensor
approximations are playing an increasingly important role
in computational mathematics and numerical analysis. An
efficient representation of a tensor (by tensor we mean
only an array with d indices) with a small number of
parameters may give us ability to work with d-dimensional
problems, with d being as high as 10, 100, or even 1000.
The application of this approach is warranted when there is
an exponential growth of transmission, storage and
processing of visual information [1].

The purpose of tensor approximation is to find regu-
larities among elements of an input tensor and decompose
it into tensors with smaller dimension and smaller total
count of elements [2].

There are three effective methods of tensor approxima-
tion:

e Canonical decomposition (the CANDECOMP,
PARAFAC algorithms [3]).

e  Tucker decomposition (the N-mode PCA and N-
mode SVD algorithms [4]).

e Tensor-Train Decomposition (the TT decomposi-
tion algorithm [5]).

There is an effective way to represent d-dimensional
tensors by using the canonical decomposition. It decom-
poses initial tensor in set of two-dimensional tensors.

Thus, it is possible to approximate a tensor of size nby
n by n by ... by n with a number of elements, which are
measured as O(d-n ). The advantage of the method is that
if the rank r is small, the tensor can be represented very
compactly. But the computation of the canonical rank is an
NP-hard problem and numerical algorithms for computing
an approximate representation in such cases might fail.

The Tucker decomposition is stable but has exponential
in d number of parameters. It is suitable for “small” dimen-
sions, especially for the three-dimensional case. For large d
it is not suitable.

The TT decomposition does not have these drawbacks.
There is a stable algorithm for calculating TT decomposi-
tion and the number of elements in the approximation is
close to canonical approximation.

Sparse representation (like wavelet [6]) is an efficient
way for image compression. In this case, we obtain projec-
tion of an image to more suitable basis where the image
will have a large number of repeating elements. It allows
encoding the image more effectively.

The Wavelet Tensor-Train (WTT, [7]) is a modifica-
tion of TT decomposition method for computing a sparse
representation. This is possible to compute a set of orthog-
onal matrices, which is a good basis for the image. Then
matrices will be used as filters for the image. Using filters
for sparse image computation leads to sequence of matrix
multiplications [8].

We showed that tensor decomposition used for calcu-
lating sparse image representation via WTT is more effec-
tive way of image compression than using tensor decom-
position directly.

WTT filters are signal-dependent, so we need to store it
with compressed image. It significantly reduces efficiency
of image compression via WTT because filters usually
have high entropy.



We also showed that there is a possibility to make
WTT filters signal-independent via tuning algorithm’s pa-
rameters. When using pre-calculated signal-independent
filter set, we have no need to save filters with encoded im-
age. Efficiency of such filters is lower than efficiency of
signal-dependent filters, but it is still better than saving
filters with image. Comparison showed that efficiency of
the introduced method is close to JPEG efficiency [8].

Moreover, WTT can be used for small blocks of image
instead of applying WTT for the whole image. For exam-
ple, we can use WTT for a block of size 8 by 8 by analogy
of using discrete cosine transform (DCT) in JPEG. Our
research showed that in this case we couldn’t tune parame-
ters of WTT to make filters signal-independent. It means
that we need special filters for each block.

Also we analyzed efficiency of applying same filters to
different blocks and saw that filters that were computed for
a source block can be effective for blocks that are similar
to the source block and also for completely different blocks
[9]. Therefore, we can train dictionary of filters and use it
to increase efficiency of the image compression.

Dictionary training includes finding filters that will be
more effective than DCT and cover a lot of blocks. More
precise training procedure was described in paper [9]
where we also compared DCT to WTT with dictionary.

But we had an issue while using WTT with dictionary.
How to choose right filters from dictionary for concrete
input block? For this purpose we suggest three methods:

e The first and the simplest one is to use brute force
method for choosing filters from the dictionary.
This method is extremely slow and cannot be used
in real time system for image compression. But
this algorithm is still effective because it is guaran-
teed that the best filter for input block will be
found if it is present in the dictionary. Also worth
noting, that the speed of image reconstruction is
still fast and close to JPEG image reconstruction
speed.

e The second one is to use special hash functions. In
this case we store additional hash values in the dic-
tionary besides filters. When we handle input
block we calculate hash for it and search in dic-
tionary for the nearest hash value and choose filter
which is associated with that value. This procedure
reduces algorithm complexity of finding filters
down to logarithm but that kind of search can lead
to false positives especially in case of the large
dictionary.

e Another method is to use machine learning tech-
niques. This is a topic for further research. There is
an assumption that the modern machine learning
methods can help to find patterns between a specif-
ic set of filters and image blocks for which they
can be effectively applied. If this is so, it will be
possible to get rid of method’s shortcomings and
to reach speed comparable to the speed of the
method number two (hash functions).

So, with using of WTT we can achieve efficiency of
image compression similar to JPEG efficiency. Moreover,
we can train dictionary in order to increase the efficiency
of WTT.

The introduced method can be used as an alternative or
as an extension to DCT-base compression algorithms.
When it is used as an extension, it allows making existing
algorithms of image and video compression more efficient.

Further ways of research in the area of using WTT for
image compression:

e Detecting the optimal block size for WTT with a
dictionary. We used blocks of 8 by 8 for ease of
comparison with discrete cosine transform. But
perhaps it would be better to use blocks of smaller
size.

¢ Finding out the most efficient way of choosing fil-
ters from dictionary for applying it to input block
of image.

e Using WTT for color image compression. There
are a lot of ways to use tensor decomposition for
color images.
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